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Mean ambilent nolse spectra for Clear and Cub Creek gtream-
mouths (lake surface calm) at low stream discharge (mean 1.7
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Mean amblent nolsge spectra for Pelican Creek gtream-mouth and
control area for calm surface conditions {flat-calm to 0.06 m

waves ) and rough surface conditions (waves O 06 to 0.5 m,

Pelican Creek; 0.06 to 0.25 m, control area)

Ambient noise spectra showing two noise sources:
flow noige; (B) surf-beats; (C) both cavitation and/or

and/or f
flow noise and surf-besbs « . . .,

tandard system noise curve and ambient noise sgpec
sea state (Knudsen, et al., 19k8), Pend Oreil
and Saenger, 1960) and an empirical lower limit (Wenz, 1962).

Figh sound ("thump") in the band Ffrom 100 to 200 Hz with a

principal freguency of 150 Hz .
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Abstract

Underwater ambient nolse in the stream-mouths of Clear, Cub and
Pelican Creeks was investigated in relatlon to orientabtion and homing
of cutthroat trout (Salwo clarki). A maximum estimate of the noise
spectrum was defermined from 0.1 to 10 KHz during periocdg of high stream
discharge and wave action. Minimum noise spectra were not determined
because of instrument noise interference. 7Two nolse sources contributed
to amblent pressure gpectrum levels in the stream-mouths (1) cavitation
and/or flow noise and (2) surf-beats. The former ig mainly composed of
frequencies below 4 KHz while the latter is above 5 Kdz. Four cubthroat
trout gounds were recorded and analyzed., The "thump” gound cccurred when
figh were alarmed and gave a gudden tail-flip. The principal freguency
wag 150 Hz in the band from 10C to 200 Hz. The "squawk szound had
principal frequencies in the band from 600 to 850 Hz and was probably
due to gas passing through the pneumatic-duct. The "squeak” sound was
infrequent and usually of low infensifty. A sound with maximum energy
shove 2 KHz was created when a Trout shifted bottom materizls while
preparing & redd. A partial audliogram was obtalned from testing 29
cutthroat trout. The conditioned resgponse technigue wag applied using
shock or light as the unconditioned stimuli and both were unsguccessful.
A natural response to sound stimull was found in six figh with an average
upper frequency limit of 443 Hz. Threshold determinations were attempted
on a few occasions after conditioning was achleved, however, the conditioned
response could not be reinforced and extinction was rapid., Electrical and
physical problems to be avoided in further underwater socund research are
pointed out and digcussed.




b
wh into the lake from shore and 100 m along the lake shore on each side

wag studied. The stream asnd lake bolitoms were almost enblrely of fine sand.
The ghore was alge compoged of sand which remained relatively stable because
spits extendsd well out into the lake on both sides of the gtream-mouth which
reduced the effects of wave action. No dischargs meagurements were made,

but this stream is much larger than either Cub or Clear Creeks. Pelican
Creek entersd the lake at sbout s 90 degrse angle to the shoreline and
remained stable fthroughout the study.

A control area was established adjacent to the shore befween the mouths
of Clear and Cub Creeks which are 1.5 km apart. This area was chosen for
its lack of tributaries. A disbtance exbending 90 m into the laks snd 100 m
along the shore in each direction was included. Lake botitom and ghors

materials were similar to thoge Tound in the Clear and Cob Creek areag.



MATERTALS AND METHODS

Lake depths in the stream-mouths and control area were obtained with
an scho sounder {Bendix Model DR-£38). Temperature profile data were taken

% M, Tnsh. Co.). Wave heights were measured

o
)

hermograph

with a batl
peak to Ltrough with a wave gage.

Depth changes were recorded on Clear and Cub Ureeks with a relalive
depth meter. This unit consigted of & float housed in a 10 om pipe coupled
through & pulley system and Geodyne clock o a Rustrak recorder. Stream
velocities were measured with a Gurlesy current meter, Dlscharge was com-
puted at high and low stages. A correlation of relative depth in pA
digcharge in mB/s was made. This curve provided discharge readings for
times when underwater ambient nolse recordings wsre made. Due Lo large
fluctuations in depth on Cub Creek several adjustments were made in order
to keep The recorder on scale, As a result, depth recordings could not be
uged to compube & curve from two velocity measurements, Only The discharge
rates obbained from high and low velociby readings were used for (ub Traek.

Reference points 20 m apart were sstablished by placing marker buoys
{10 om square styrofoam floats) on & line beginning 30 m from shors ho the
ouber Limit of sach stream-mouth, The floals were placed in the center of
the vigible stream current extending into the lake. DBuoys were placed
similarily in the middie of the control area perpendicular to the shorelin

A1l underwater ambient nolse meagurements were made at these points of

reference,
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The acoushic recording system {Fig. 1) consisted of an omnidirectional
hydrophone (Magsa Modsl M-115 BS) with buili-in preampiifisr. The hydrophone
employed a pair of ammonium dihydrogen phosphate (ADP) crystal agsembliss as
sensing elemsnts. The freguency response was essenbtlally flat from 10 Hz to
10 KHz. The gensitivity was a -99 dB re 1 volt per microbar at the end of
152.5 m of cable., The amplifier was = {(Millivac Type vg-68 B) low noise,
high impedance portable unit with a gain of 40 dB. The self contained
babteriass supplied power to the hydrophone preamplifier. The amplifier was
modified to include a buned 18.6 KHz filter to eliminate communication sig-
nals which inberfered with underwater recording operations. A two track
battery operated tape recorder {Uher LOOC Report-L) with a fraguency re-
sponse of 40 Hz to 20 KHz (tape speed of 19 cm/s) completed the sysham,
The recording level control was set to zero dB in all cases in order %o
obtain the optimmm retio of signal to noise.

Self-noisse of the hydrophons and cabls was held to a mindmum by sus-

pending the system from 10 cm sgquare styrofosm floats each attached by a
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60 cm line and spaced five meters apart along the cable. The

off the lake bottom and allowed To sag between floats. This reduced trans-

migsion of self-noisge to the hydrophone. The fleoat nearest the hydrophone

ted the

was a cone (d = 20 cm, h = 20 cm) floated point down. This preve
slapping nolse which would have ocourred 1 & sguare float had been used,
This system worked satisfactorily in shallow water and at Llow wave helghis.
No measurements were made during extrems wave heights because the hydrophone

ambient nolse rscordings

shruck the lske bottom at guch timss,



Hydroghone Preamplifier == Amplifier

& >

6v Power Supply

Recording System s s B
— jgi?;_?} wwwwww Tape .
Analyzing System Recorder
(Laboratory)
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Oscillator
Cathode v
Ray Tube
Specirum
Analyzer
Chart
Recorder

Figure 1. Diagram of the acougtic recording and laboratory sonic analysis
gystens.
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the amplifier and hape recorder were aboard & 7.32 m boat anchored 90 fo
Y

150 m from the hydrophone. Hach time s recording was made the hydrophons
was elther anchored near or tisd to a marker bucy at a depth no greater
than 50 cm.

The analybical system (Fig. 1) consisted of a Panoramic 8Y-1 Sonic
Analysis System (Metrics Division, The Singer Co.) which provided the
cathode ray tube and chart recorder readcouts. The asnalyzer block contalined
& Model LP~laZ Bonic Spectirum Analyzer and a -2 Auxiliary Fuaction Unlt.
Ambient nolse analyses were made from continucus four minubs fape recordings

Tndividual recordings were separsbsed and identified with a two second plecs

Only the frequency range from C.1 to 10 KHz was congldered

CE)

of timing tap
and this wasg analyzed in two bands from C.1 to 5 XKHz and 5 4o 10 KHz. ALl
recordings were playsd into the analyzer for each frequency band and for the
same four minute time period. A rapresentative level versus fraguency

nolge envelope was obtained as a chart recording. During analysis the tape

recorder input was monitored through a loud speaker. An audlo osc
(Hewlett-Packard Model 200-CD) was used to set the center frequency during
analyses.

Svstem noise was recorded with the hydrophone placed in & sound proof
box in an area free from electrical or acoustical interferencs. This
recording was made and analyzed at the zame system settings ag those for
underwater ambient noise and & standard curve was obtained. All asmbient

noisge curves were comparsd with this standard in order o determine 1f

they were greater than system noise. Awbient nolse was then plobited in
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relation to system noise.

Pigh sounds were detect iTh the sams recording system describsd
above. The hydrophone wag suspended in Clear or (ub Creek pools with a

i

float and anchor near concentratlions of fish. The amplifier and ftape

iT:

recorder were placed on the bank, Vigual and sudic observations wers made

:

simultanecugly without disturbing the figh. Fish gsounds were

stored on magnetic tape. The tapes were played and the loudes
gelected for analyses. A bwo-gecond piece of biming fape was uvgsd ho izo-

T Tape containing a fisgh sound. A level versus time plot
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was made for each center freguency by btuning the specirum analyzer through

guccessive 20 Hz bands. Input was continuousliy monitored through s loud

gpeaker. An audio oscillator was used to tuns the center freguency of ths

spectrum analyzer each Time. When a gound wag analyzed the major pip

amplitude for esch center freguency and a mean of the background iy

were plotted as the averags gyshbem nolse.

An attempt was made to delermins an
uging the technique which employed a changs in cardiac and regplrabory
raythms as & conditioned response to pure sound stimuli. The expsrimental
fish used included the Yellowstone cubthroat trout and Lahonban cutthroah

trout (Salmo clarki henshawi). The latter were obtained from brood siock

held at 2 local fish hatchery and were more satisfachory for experimen
purposes. The specimens used were four generations removed Trom wild stock

ard easily malntained on figh food pelietg. Thege fish ranged in size from

L L= , £t LT 5 i ) : =)
0.7 to 35.3 o {(total lengthi. Wild ssxually mature cubbthroat trous From
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and transmitted them to an impedance pneumograph, physiograph and ware
recorded on channsl two. A cardiotach module was used in the physiograph
to give a recording of hesrt beats per minute on channel three. Channel
four recorded tims and number of conditioning exercises.

A fish was confined %o a gpecific location during experimesnts by
placing it in a cage (38 x 7.5 x 5 cm) made of plexiglass (0.6 cm thick)
with numercus perforations. The cage had & small door in one end Tor easgy
gntry and removal of figh. The other end was adjustabls 0 sccommodat
figh of differsnt lengths. Sound pressures wers monitored whare the hzad
of the Tigh was confined.

Each figh so prepared was placed into the cags and connectsd to the

physiograph. Its electrocardiogram and respiratory rhythms were obsery

and if these appeared normal (indicating proper electrode plazems
it was allowed 12 to 2L hours to adjust to this new situation before tssting

began.

ound causad an slteration in cardiac and respiraiory
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rhythms. This positlve response was charactsrized by a delayed or misgsing

Fede

cardiac potential aﬁd/or by a suddsn gevere depression in the raspiratory

rhythm. A negative regponge wag one where there was no change in cardiac
or resgpiratory rhythms in resgponse to a sound. Testing attempted to elicit
pogitive regponses of the fisgh to decreasing sound pregsures. This entalled

decreaging and sometimes incressing sound pressures by 5 dB steps in order

to confirm a previous response.



RESULTS

Ambisnt Nolsge Measuremenths

Arbient noige meassursments were made at polnts along a line of marker
bucys placed in each sgtream-mouth and in the control area as described
above. Thne lske depths taken at the buoys indicated a gradual slope away
from shore except in the Pelican Creek stream-mouth where depths were nearly
uniform. The distances from shore Lo each buoy and The depths in nmeters

follow.

Depth (meters)

Buoy (meters Clear Cub Pelican Control
from shore) Creek Creek Creek Area
30 2.1 0.6 1.5 3.4
60 3.0 0.9 1.5 h.3
90 4.3 1.2 1.2 4.6
120 5.5

Ambient noise spectra were determined for Clear and Cub (reeks a’t high
and low shream digcharge rateg. Recordings were made at selected Times when
lake surface conditions ranged from flat-calm to waves less than 6 om high.
Under this rangs of surface conditions no major differences in amblent noise
were observed. High gstream digcharge wag responsible for creating waves
and turbulence in the lake. Ambient nolse spectra were obbained from
recordings by the analytical procedure described above. The points of eact
curve at 0.1, 1 and 10 EHz were gelected and the intensities were converted
to dB8 re 1 microbar and plotted as straight-iine semi-logarithmic graphs

(Fig. 3 and L), The ambient noige spectra for Clear Creek (Fig. 3a2) are
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Figure 3. Comparison of mean ambient nolse spectra for Clear and Cub Creek
stream-mouths (lake surface calm) at low stream discharge (mean
1.7 m /s, Clear; ~n0.9 m3/53 Cub) and high stream discharge
{mean 6.8 m3/s, Clear; L0 m3/s, Cub).
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averages obtained from 10 recordings during low stream discharge (mean 1.7
mg/s) and 14 recordings at high-dischargs (mean 6.8 ma/s)e The mean ambient
noige spectrun for low-discharge are approximately -11, =15.5 and =21 4B at
0.1, 1 and 1C KHz, respectively while the mean spectrum for high-dischargs
are approximately -10, -1l and -20.5 dB at 0.1, 1 and 10 KHz, respechtively.
The mean spectrum for high-discharge ig higher by approximately 1, 1.5 and
0.5 dB at 0.1, 1 and 10 KHz respectively than the mean spectrum al low-dig-
charge., The slopes of both mean spectra are about 1.5 dB per octave from
0.1 to 1 ¥Hz and 2 4B per octave from 1 to 10 KHz. Ambient noige fluctu-
ted over a wider inbensity range (-7 to =13 dB at 0.1 KHz and -10 %o -18
4B at 1 KHz) at high-discharge than at low (-8 to -12.5 dB at 0.1 KHz and
-13 to -17 4B at 1 KHz). The higher freguencies show less fluchuabion at
high-discharge (-18.5 to -22.5 dB at 10 ¥Hz) than at low-discharge (-18 to
-2%.5% 4B at 10 Kﬁz}e A cloge agsoclation exigts between mean gpechtrs and
sysiem noise, AL 0.1 ¥Hz the sysbem and ambisnt noise follow the sams
curve &t low~discharge, but deviate slightly at high-discharge. A sepa-
ration exigbs at 1 KHz (2 dB) at high-discharge but at 10 KHz the deviation
betwsen system and ambient noise is about equal. Temperature profiles wers
taken during the study but since no ambient noige recordings were made ab
depths greater than 50 cm, tempesrature effects were considered negligible.
The ambilent nolse spectra for Cub Cresk (Fig. 3b) are averages obtained

. . . 3 .
rom 11 recordings during low stream discharge of near 0.9 m“/s and 9

y

recordings at high-discharge of near 4.0 mj/se The mean ambient noige

spectrum for low-digcharge is approximately -11.5, =16 and -22 dB at 0.1,
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1 and 10 KHz, respectively winile the mean spectrum for high-discharge is
gpproximately =9.5, -13.5 and -18.5 dB at 0.1, 1 and 10 KHz, rzspectively.
The mean spectrum for high-discharge is higher by approximately 2, 2.5 and
2,5 dB at 0.1, 1 and 10 KHz regpectively, than the mean gpectrum at Llow-
discharge. The slopess of both mean spectra are about 1.5 dB per octave
from O0.1 to 1 KHz and 2 4B per octave from 1 to 10 EHz. Ambient noise
Fluctuated over a wider intensity range {-6 to -12 dB st 0.1 KHz and -11
to -16 dB &t 1 KHz) at high-discharge then at low (-10 %o -12 dB at 0.1 KHz
and -1l4 to -17 dB at 1 KHz). The higher frequencies show less fluctuation
at high-discharge (-16 to ~20 dB at 10 KHz) than at low-discharge {(-19 to
-25 4B a%t 10 KHz). A close association exists between mean spectra and
system noise. The mean spectrum for low-discharge at 0.1 KHz indicabe that
mean system noise masked the extremely low ambient noise. At higher fre-
guencies as well as at high-discharge the mean ambient noiss infengiiles
deviate above the mean system nolge. Deviatlon was 2 dB3 at L KHz for high
discharge but at 10 XHz deviation was sboubt eguaal.

Arbient nolse gpectra wers determined for FPelican Creek and the control

ray

area comparing calm surface conditions fo rough. Calm surface conditions
ranged Trom flat-calm to light-swell (less than © em weves) which did not
cauge turbulence on the surface. Rough surface condltions included waves
greater than © cm high. Recordings were made at selected times when wave
action was the greatest cause of underwatber ambient nolse. Burface con-
ditions in the Pelican Cresk shream-mouth were measured at a maximum of

0.5 m (rough conditions) which occurred during a sudden wind sguall. To
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turbulent flow wag observed to affect surface conditions in the Pellcan
Creek gtream-mouth during these recordings. Surface conditlons in the
control ares were measured ab & maximum of 0.25 m (rough conditions) which
accurred during a persistent breeze.

The ambient noise spectra for Pelican Creek (Fig. ha) are averages
obtained from 9 recordings made during calm surface conditlons and &
recordings under rough surface conditiong. The mean amblent nolse spectrum
for calm conditiong is approximately -9, -1k and -19.5 dB at 0.1, 1 and 10

KHz, respectively while the mean spectrum for rough conditions 1s approxi-

]

mately -9, -13.5 and -19.5 dB at 0.1, 1 and 10 KHz, respechively. The mea
spectrum for rough conditions is 0.5 dB greater than for calm conditiong at
1 KHz. The slopes of both mean spectra are about 1.5 dB per octave from
0.1 to 1 XKHz and 2 dB per octave from 1 to 10 KHz. Amblent noise fluctu-
ated over a wider intensity range {-6.5 to ~10 dB at 0.1 KHz and -18 to -21
dB at 10 XHz) under rough conditlions than at calm (-8 to -10.5 dB at 0.1
KHz snd -19 to -20 dB at 10 KHz). The range of fluctustion was idsnbtical
at 1 KHz (-13 to -15 dB) for both mean spechra. There is a close agsocl-
ation with mean syshem noise. Deviation of mean spectra from mean system
noise occurred under rough surface conditions at 0.1 Kz and increased to
1 dB at 1 KHe and 3 dB at 10 XKH=z.

The ambient nolge spectrs for the control (Pig. Lb) are averages of 15

recordings at calm surfece conditions and 3 recordings under rough conditions.

At =

The mean ambient noige gpectrum for calm conditions is approximately -%9.5;

-14.5 and -19.5 dB at 0.1, 1 and 10 KHz, respectively, while the mean
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gpectrum for rough conditions is approximately -12, -15.5 and ~-17 at C.1,

fer)

1 and 10 XHz, respectively. The mean spechrum for rough conditions isg 2.
and 1 43 at 0.1 and 1 KHz lower than the mean gpectrum at calm conditions.
However, for rough conditions the mean spectrum is 2.5 dB higher at 10 KHz
than the gpectrum at calm conditions. The slope of the mean gpectrum for
calm conditions is aboubt 1.5 dB per ochave and that for the mean spectrum
for rough conditions is 1.0 dB per ocbave from 0.1 to 1 KHz. For the mean
spectrum from 1 to 10 Kiz the siopes are 1.8 dB per octave for calm and 0.5
dB per ocitave for rough conditions. Ambient neoise fluctuated over a wider
intensity range (-8 to -12 dB at 0.1 Kz and -13 to ~16 dB at 1 KHz)} under
calm surface conditions than for rough {-10.5 to -13 at 0.1 KHz and -14 to
-16 4B at 1 Kidz). However, o greater fluctuation occurred st 10 Kiz (=15
to -19 dB) for rough surface conditions then for calm (-18 to -21.5 aB).
Mean swbient noise was again closely associated with mean system nolse at
calm conditions bub a marked deviatlon ocourred in the mean spectruz for
rough surface conditions, ssgpecially from 1 to 10 KHz. The deviabtion be-
tween ambient noise and system noige is 2 and 11 dB at 1 and 10 KHz,
regpectively. The recordings used to obtain the information above are the
only instances in which a direct correlation existed bebwesn intensity
level snd dishbance from ghore. The azmbient spectra intensity levels show
a decrease with dishance from shore indicating a major noise source at the
shoreline. The sgpechral energy ranged from about 2 to 10 KHz.

Two noise sources contribufed fo the ambient noise in the shtream-mouth

(1) cavitation and flow noise in the immediate vicinity of the hydrophone
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)

due to surface waves or high stream discharge and (2} surf-beats on shor

(M

e to wave achion shifting shore materials. Cavitation and flow nolse
(¥ig. 5A) has major significance in the frequencies below Y ¥Hz. There is
e lack of any significant high frequency components. Surf-beats (Fig. 5B)
occurred during one recording when a boat wake reached shore. The leke
squrface at this time was flab-calm except for a boat wake traveling toward
shore. This wake did not create 2 rise in ambient noise until it reached
the beach. The pips (surf-beats) seen above 8 KHz are thoge which ocourred
as each wave broke on shore. The general increage in background Ifrom 5 to
4 KHz occurred when a trailing seriss of waves reached shore ab an acute
angle., This series of waves ran down a length of shoreline. Fach wave
caused an individual pip (surf-beaﬁ) wut the wave series created an overall

rige in the ambient noise due to the angle of incidence with the shore.

®

Fach surf-beat contributed to the one before it, adding to a general ris
in the ambient noise which did not subside until all the waves were dissi-
pated on shors. The absence of low frsquency nolse below 5 Kz dg signifi-
cant, Figure 50 illustrates the combinafion of both nolse sources uring
high stream flow and wave action on shore. The major pips above 5 Kz ars
due to surf-besss and those below 4 KHz are due to cavitation and flow
noize with = zone of overlap from 4 fo 5 KHz. The rise in the ambient
spectra geen in Fig. Ub for rough surface conditions is due to surf-beats
creating & greater acoustic pressure at higher fragquenciesg.

Ambient noise levelg in the gtream-mouths are probably much lower than

shown, especially for calm conditions. ALLl recordings of amblent nolsge wers
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influenced by sgystem noise and in gome cases completely masked by it (Fig.
3b low discharge at C.l1 KHz ). Only those recordings which were made during
surf-beats or local cavitation and flow noise provided a good upper estimate
of the ambient background. A comparison of my work te others is shown in
Fig. 6. The standard curve for my system noise is plotted in relation Lo
zero sea state (Knudsen, 1948), = partial gpectrum determined for Pend
Oreille Lake (Lomask and Saenger, 1960) and an empirical lower limit deber-
mined by Wenz (1962). This shows that system nolse prevented the determi-
nation of low level ambient noise in Yellowsbone Lake. The relationship
of awbient noise o system noige iy further represented in Fig. 5. TFig. 54
presents a low ambient background and the most closely assoclated system
noigse. Fig. 5B and C in successlon were recordings during periods of higher
ambient backgrounds. In these two recordings the association with egystem

nolise decreasges as the amblent noise increases.
Cubtthroat Trout Sounds

The gpawning run of cubthroat trout irn the tribubtaries of Yellowstons
Lake provided a unique gltuation in which to observe and record fish sounds.
Since cubtthroat trout predominate in the lake there was little interference
from other species. The clarity of the water and sglow rate of flow in the
gtream-mouth enhanced the observations of the fishes acbivities.

Eighty-four cubthroat trout sounds were analyzed from several hundred
recorded in Clear and Cub Creek poolg. The principal frequency of each Tisgh

gound analyzed wag plotted to determine the rate of occurrence throughout
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the spectrum (Table 1).

Tahle 1. Rate of occurrence of the principal frequencies of 84 fish sounds.

Freg. (Hz) Wo. Freg. (Hz) ¥o. Freq. (Bz) No.
0 0 750 5 1500 2
50 0 800 3 1550 o
100 3 850 3 1600 o
150 18 900 0 1650 O
200 6 950 2 1700 1
250 0 1000 1 1750 2
300 O 1050 1 1800 o)
350 O 1100 0 1850 0
LOo i 1150 1 1900 0
L50 0 1200 2 1950 P
500 2 1250 0 2000 s}
550 1 1300 O 2100 o
00 G 1350 0 2200 O
650 g 1400 i 2300 O
TO0 7 1450 1 2L00 1

A high rate of repetition occurred in a kand Trom 100 4o 200 Hz with
s principal frequency at 150 He and in the band from &00 to 850 Hz. Other
principal freguencies were Tound but fhese sounds did not occur repsatediy.

An analysis repregentative of fish sounds in the band from 100 to 200
Hz with a principal frequency of 150 Hz wag plotied {Fig. 7). ALl sounds
have been plotted in reiation to average system nolse. This sound cccurred
as 2 single "thump” or & rapid series of "thumps" and was produced when
fishes gave a sudden tall-flip and guickly changed directions. Thers wsre
no preparatory events by the fish prior tc this sound. This wag appsrently
z startle rsachtion and was only observed when a sea-gull or ogprey flew over

the water. It could also be induged when the observer suddenly came into

view oy when objects were casit over the stream. No harmonic gualities were
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Figure 7. Analysis of a fish sound ("thump”) in the band from 100 to
200 Hz with a principal fregquency of 15C Hz. ILine connechbing
triangles is average system noisc.
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identified in this sound. Observed gound pressures ab the priancipal Lre-
quency (150 Hz) ranged from a maximum pressure of +1.9 dB to a minimum of
~8.% dB with a mean at -3.6 4B re 1 micrcbar.

The sounds with principal freguencies in the 600 to 850 Hz band were
of a more variable nature. No predominant center frequency existed but
there was & higher number of occurrences in the lower freguencies of this
hand. Thege sounds were "squawks” which cceurred after a fish had rigen
to the surflace, creafted a splash and returned o 1ts approximate original
position. At times a visible bubble ftrail was esmitted from the gills upon
return but guite frequently the "sguawk” occurred several seconds after the
fish had assumed 1ts pogition near the bobtom. An aralysis representatlve
of fish goundsg in this band with a principal freguency at 700 Hz wag plotied
(Fig, 8). The "squawk” did not exhibit any recognizable harmonic qualities.
The graph indicates the sound trailed ocut abt higher freguencies and eventu-
ally became masked by Tthe system noise. Ubserved sound pressures in this
band ranged from a maximum ab +6,6 dB to a minimur at -13.4 dB with 2 mean
at -1,8 dB re 1 microbar,

An analysisz representabtive of an infermitient sound with a principal
freguency at 1450 Hz was plotted (Fig. 9). This sound was 2 "squeak” and
would infrequently occur following & "squawk' and offten be of very low
intensity. Wo harmonic cualities were evident.

" and the "squeak'.

A time base is shown in Figure 10 for the "squawk
These ordinarily occurred socon after a fish had surfaced. The gplash caused

by surfacing is shown at 1.6 seconds followed by a low intensity “squawk”
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at 2.8 seconds and a "sguesk" at £.2 seconds. The time intervals bebween
are variable for different fish bub do indicate the order of evants.

Another sound wag analyzed which occurred when s cubihroat trout was
digging a redd (Fig. 11). When a fish turned on its side and gave a few
tall beabs there ocourred a characteristic gravel rustle as the bottom
materials were moved. Most of the energy of this sound is above 700 Hz
with maximum pregsurves above 2 KHz. This sound was usually recorded ay

very 1low intensgitbies.
Cutthreoat Trout Audiogram

A total of 29 audiogram tegts were conducted. The initial tesis using
the conditioned response technigue employed low volbtage electrical shock as
the unconditioned stimulus (US) Voliltage levels employed ranged from 3 Lo
100 volts across the csudal peduncie with only an occasional positive re-

o

sponse occurring at 25 and 50 wvolts. The US was varied from & siv
£

‘:5

gle

instantanecus pulse To a ssries of pulses lasting up To 10 seconds. Occa-

sionally a conditioned response could be establisghed after geveral exerciges
but results were generally inconsistent. A conditioned response was noi
obhained alfter sevaral btri on 16 individuals and therefore it was aban-
donad. The cubthroat troubt used in these experiments becams lethargic in

g ghort time when subjected to electrical shock and would not respond.
Light was selected as 2 possible alternative US. A sudden on-seb of
the 200 wabtt I1ight from total darknsss gave the desired physiological re-

actions in one instance. A figh wag parbtially conditioned to a 250 Hz sound
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during & 10-day btraining exercise lasting about one hour per day. Three
other individuals falled to elicit a conditioned response. This technidgue
was then reversged and a one gecond peried of darkness was usged ag ths US
and the 200 wabt light was on at all other times. Three fish were trainsd
with this technigue, Of the three, two failed to resgpond and the other was
conditioned rapidly at 160 Hz in 29 trialg over a period of 2% hours and
gave four congecublve positive regponses on initial testing. This was the
best conditioned regponse obtained bub 1t only lasted for two or fthres
trials during threshold determination without reinforcement. Afber each
positive and negative response during tesgting 2 reinforcement was admin-
igtered to prevent extinction but there was a continual degradation in the
conditioned regponse with time. The shalr case technigue was ussed bub no
threshold debermination could be made beiore extincilon was complete.

Training and testing periods as well as rest intervals were varied
gver the course of the gtudy to find a working combination. Tralning
pericds lasted from 30 minuhtes to two hours. Rest intervals rangsd rom

2 to 24 hours. Four one-hour training periods per dey over 2 or 3 days

!...J
[
D
=
[

3
IS

left the figh in bebter physical condition than long periocds of confi

and testing, Physioclogical responsss hended to become very errabic afier

i“cg'

b
n
i
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Q
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2 or 3 days of concentrated training and testing. Fish respon
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o
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g..._.l
o
=
}...1
i3
s

diticned ghimuli and US was generally best on the first few fesgis
& regt pericd of two or more hours and guickly diminished asg trials pro-

ceeded.
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a conditioning procedure and were found

aound shimuil in varying degrees.

gquency range of perception for each figh was determined. The highest
frequencies eliciting response were as follows: 160, 300, 450, 550, 550
and 650 Hz. This gave an average upper limit of about Lh3 Hz. The lower
Timit wag 50 Hz in all cases and the intensities were presented ab a -5
dR re 1 microbar. This nabtural regponzse generally became toc weak or
digappeared completely before threshold could be determined with the
excepbion of one fish.

One fisgh had an exbremely well developad natural response o sound

shimuli which allowed a partial thresghold det

o

rmination. Testing was
carried out in the order of the following freguencies beginning at 160,
300, 50, 500, LOO, 90 and 160 Hz with respective thresholds ab -31, -15;

=33, ~65 -18, =37 and -37 dB re 1 microbar. The threshold on the lagt two

tegt freguenciesg showed a drop Trom initial determinatlions,

were not abtainable with any other fish.

iy



LISCUSSION

Ambient nolse messyrenents. Sound pregsures of exbtremely low levels

characterize the amblent noise of inland lekes. The minimum backgrouad

levels in Yellowstone Lake are probably much lower than those recorded.

=

J

pifficultlies arosse when making sound pressure measurements because ambient

i

vy

oige levels were freguently below the electrical noisge levels of the

irngirumsntation. If these low level sounds arve to be detechted sguipment

with much lowsr residual nolss is mandatory. Detection of acoustic nolse

regulres smplification of the low level electrical gignals developed in the

hydrophone. Hegardless of the guality of the amplifisr there remsains a

Fex]
-

regidual signal in the input civeult due Lo thermal nolge. Alberg (1065,

pp. 177-178) discusses this problem and suggests techniques for mini-

mizing system nolge. More recentl
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gvallable with improved

frequencies the lower empirical limit determined by Wenz (1962, Fig. 6).

i
]
[#2]
jrbe
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et
o

However, in order *to obtain betier signal-to-noise characteristi
neceggary ©o reduce the frequency band Ho 3 4o 3200 Hz. A reduced fre-

WARLED

gquency band with an improved gignal-to-noise ratio would have besn an
lmprovement in my study because the freguenciszs above this band are probably
above the range of detection by salmonids. Messurements obbtainsd in this
study approach an uppsr estimabe of the amblent noise levels in near-ghors
areas abt times when sound pressgures were cauged by cavitation aﬁd/or flow

nolse and surf-beats. Ambient noise levelg were too low to detect during
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pericds of low stream flow and no wind,

Tubh

niroat Trout sounds,

determined in my study. The high degres of repetition at 150 Hz of the

"thump” sound seems significant. This sound was associated with a sudden
tall flip, Nothing in my work shows whether it was inftringic or exbringic.
It may be produced by muscular zontrachion in the capdal peduncle or by a
hydrodynamic pressure wave creatsd as the Fish moved ddenly forward. The

latter would be the lsasht Iikely sincs most hydrodynamic fish sounds have

principal freguencies below 100 Hz (Moulton, 1960 and Tavolge, 1965). All

adult out

throat in a pool seemed to be capable of producing this sound. Mo

=

observations were mads on small individuals. AL times only ons figh produced

the "thump” and this caused all others in the pool o dart off in verious

directions suggesting that it may be a warning signal. The "sgquawk” sound
£ i

the result of a change in the volums of air in the gas bladder re-

could be
sulting from gas passing through the pnewmatic-dust of a fish.
Avudiogram, Tt is difficult to compare my work to that of others due +o
differences in methodology and objectives. Howsver, some comparisons can
be made. VanDerwalker {1967) also worked with a natural startle reaction.

He found

that galmonids responded to freguencies mainly below 170 Hz buh

as high as 280 Hz. This agrees generally with my regsults, however, I found

regponge
exposurs
The

building

2s high as 050 Hz. Mish became less zensitive to repaated sound
in my study but did not in his.
determination of an audiogram was se interfered with by

[l

vibrations and other extraneous nolcs which af fimes interruphe
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the conditioning process. The meagurement of tank ambient noise was pre-

Io¥

ciuded by the high system noise of the recording apparatus which prevente

comparison of pure tone sound to amblent background. The input amplifier
was ungatisfachory for the production of sufficlent sound intensities To
determine a threshold valus for all fisgh. In addition a uniform sound
Pield around the fish was not possible dus to acoustic reflections, standing
waves and dighbortions which in the small tank and at the low freguencles
uged algc plagusd other workers. These could be eliminated by working in
a free-field enviromment. Even with a1l of these ilmprovements there would
be no gusrantes of developlng an audiogram because the cutthroat trout may
require other tschnigques.

Orientation. There are indications that acoustical cues ars avallabple

low gound intensitlesn measured in the lake ars

to cubtthroat trout.
within the range of figh perception. The audiograms of marine non-
ostariophysian species bear thls out. Low level sound intensities may be
detected by fish in Yellowstone Lake. MoCleave (1967) and Jahn {1966,

1968) reported that when cutthroat trout are releaged from a mid-lake

point they freguently nead toward shore and follow the shorsline to the

o

i

ng

[

Ur

ghore might be delscted acoustically. at lsagt
periocds of wave action, even though noilse emanalting from the shoreline

influence on the amblent nolss levels abt mid-

would probably have 11t
lzke. Noise generated by surf-beats isg mostly above 700 Hz and therefore
would probably go undebacted by cutithroat troub. Only the neoise generated

ig would be
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Ffound only in the immediate area of a stream-mouth under calm lake con=

1

ditions. Current may be of much greater influence and serve as & mor
positive cue than underwater noises. IIf fisgh recognize characteristic

noiges they should be able to detect a stream as They cross a gtream-mouth.
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